Marine seismic surveys use intense (eg ≥ 230 decibel [dB] root mean square [RMS]) sound impulses to explore the ocean bottom for hydrocarbon deposits, conduct geophysical research, and establish resource claims under the United Nations Convention on the Law of the Sea. The expansion of seismic surveys necessitates greater regional and international dialogue, partnerships, and planning to manage potential environmental risks. Data indicate several reasons for concern about the negative impacts of anthropogenic noise on numerous marine species, including habitat displacement, disruption of biologically important behaviors, masking of communication signals, chronic stress, and potential auditory damage. The sound impulses from seismic surveys -spanning temporal and spatial scales broader than those typically considered in environmental assessments -may have acute, cumulative, and chronic effects on marine organisms. Given the international and transboundary nature of noise from marine seismic surveys, we suggest the creation of an international regulatory instrument, potentially an annex to the existing International Convention on the Prevention of Pollution from Ships, to address the issue.
T he time has come to improve international coordination among industries, governments, scientists, and environmental organizations in understanding and managing the risks that marine seismic surveys can pose to individual animals, populations, and ecosystems. Marine seismic surveys represent a major contributor to ocean noise in terms of overall energy and spatiotemporal ranges of influence; other important contributors include commercial shipping (Hildebrand 2009 ). Technological improvements and economic market forces in petroleum and natural gas exploration have extended the spatial and temporal reach of seismic surveys, notably into higher latitudes and deeper waters, during most months of the year. This not only increases the potential total area for development, but in some regions (eg the Mediterranean and northeastern North Atlantic) also raises issues regarding overlapping jurisdiction and governance. Recently, enabled in part by declines in sea ice, seismic exploration has expanded rapidly into many parts of the Arctic. This has motivated countries bordering the Arctic Ocean to gain exclusive access to seabed resources by claiming sovereign rights over the extended continental shelf, under Part VI of the United Nations (UN) Convention on the Law of the Sea (UNCLOS 1982) . These developments, coupled with the demand for hydrocarbon resources, are key drivers of the expansion of seismic surveys worldwide. Although the market forces governing this expansion are ephemeral, these commercial and political activities are generally occurring at ever-larger scales and extending into previously unexplored areas. An integrated program for monitoring, mitigating, and reporting would facilitate development of a knowledge-based understanding of potential risks and solutions; the establishment of such a program would necessitate coordination and prudent planning.
Efforts to monitor the undersea acoustic environment and manage the impacts of noise generated by human activities have reached a critical juncture. The European Union (EU) has recognized ocean noise as an indicator of environmental quality under its Marine Strategy Framework Directive (EU 2008) and is in the process of developing targets for achieving "good environmental Marine seismic surveys and ocean noise: time for coordinated and prudent planning
In a nutshell:
• Marine seismic surveys produce intense sound impulses to explore the ocean floor for energy sources and for research purposes • Environmental reviews of seismic surveys are seldom undertaken at scales necessary to meaningfully assess, mitigate, and monitor their impacts; managing exposure of marine animals to these sounds requires additional attention and data • Current exposure threshold criteria fail to account for the best available science and the cumulative effects of simultaneous seismic surveys and prolonged, repeated exposures • Increasing marine seismic surveys, especially in ecologically sensitive areas, require multi-institutional and international collaboration to effectively manage risks • We propose that anthropogenic ocean noise be addressed through the revision of the existing MARPOL Convention or negotiation of a new convention that more comprehensively evaluates the associated risks, benefits, and procedures status" for ocean noise and acute noise-producing activities; moreover, in 2014, the EU identified seismic-survey noise as a factor in the preparation of environmental impact assessments (EIAs; EU 2014). Similarly, the US recognizes underwater noise in the preparation of EIAs for oil and gas development in regions under its jurisdiction, particularly the Gulf of Mexico, the Atlantic Ocean, and the Arctic Ocean (eg BOEM 2014, a and b). These efforts, which are still under development, are indicative of the stage and scale of actions required to address these critical issues. Advances in integrated monitoring, assessment, and planning are essential for nations in the early phases of offshore hydrocarbon exploration, such as Greenland (administered by Denmark), which is presently assembling its initial regulatory structure with regard to seismic surveys. An integrated approach requires increasing both the breadth and depth of baseline data on the demographic trends and overall health of marine animal populations, as well as analyzing the cumulative effects of exposure to multiple noise sources and the potential interactions between those sources and other anthropogenic stressors. These analyses must be conducted on appropriate temporal and spatial scales, which may span jurisdictional boundaries or extend beyond national legislation. Under certain conditions, seismic survey signals can be detected at great distances -in one instance, 4000 km -from their respective sources (Nieukirk et al. 2004 (Nieukirk et al. , 2012 . While the specific effects of such signals on marine species at these ranges are not known, current monitoring, assessment, and mitigation approaches fail to consider both the spatiotemporal extent of the acoustic phenomena and the potential impacts even at moderate ranges (10-100 km), distances through which acoustic energy from the pulses can propagate efficiently (Figure 1) . Notably, the survey from which the data in Figure 1 were acquired occurred in Arctic waters, where the sound velocity profile favors a surface duct [Urick 1983 ], thus resulting in the retention of energy near the surface and efficient propagation of energy onto the shelf when the source vessel is operating over deep water. These observations contrast with those reported by Nieukirk et al. [2012] , in which conditions favored downward propagation such that energy from sources in shallow and shelf-break waters propagated very efficiently to deep-water recorders located thousands of kilometers away). An integrated approach to assessment must be coupled with appropriate mitigation that focuses on the acoustic ecology of marine animals and the minimization of cumulative acoustic exposures (Rio Declaration 1992) .
Here, we offer perspectives on the management of seismic operations and the mitigation of the accompanying risks. The potential impacts of seismic surveys, as with other anthropogenic noise sources, are typically assessed as the results of individual activities (eg a single survey) through relatively simple methods based entirely on expected sound exposure levels and decades-old guidelines (HESS Team 1999) . Impact is evaluated on the estimated number of animals subjected to a sound level high enough to possibly cause harm or disturbance. While sound-exposure levels are clearly important for individual animals over the short spatial and temporal scales generally analyzed, recent documentation of the areas affected by seismic signals indicates that a broader paradigm of assessment is required (Guerra et al. 2011; Nieukirk et al. 2012) . Given the ubiquity of seismic surveys in some areas ( Figure 2 ) and the potential for impacts in the large areas currently being opened for resource exploration (Figure 3 ), we are concerned about the simplicity, artificial rigidity, and increasingly outdated nature of impact thresholds and the methods used to quantify the potential impacts of discrete activities in environmental assessments and rulemaking. To explore this subject further and to elaborate on related issues (eg masking [Clark and Ellison 2004; Clark et al. 2009; Hatch et al. 2012] , stress [Warner and Heimstra 1971; Evans 2003; Otten et al. 2004; Wright et al. 2007] , and behavioral responses [Castellote et al. 2012 ]), we provide additional information in WebPanel 1 and Table 1 .
To move beyond the currently applied acuteimpact thresholds and to capture a more realistic metric for the potential impacts of seismic surveys and other marine noise-generating activities, regulatory agencies should implement an analytical function to provide a probabilistic assessment of impact severity. Such a function should incorporate the spatial and temporal dynamics and spectral characteristics of the acoustic field generated by the specific activity (eg a seismic survey), as well as account for the aggregate sound field resulting from multiple anthropogenic activities, industrial or otherwise.
n Increasing the breadth and depth of baseline data
The fact that insufficient data existed for many Gulf of Mexico species prior to the 2010 Deepwater Horizon disaster -because of inadequate sampling -indicates a broad failure on the part of federal resource-management agencies in the US. This failure limits scientists' ability not only to assess the true impacts of the Gulf disaster in retrospect but also to anticipate and plan for future prevention and remediation. Unfortunately, this lack of baseline biological data is not unique to the Gulf of Mexico. Indeed, many places around the world where considerable seismic exploration is ongoing or is projected to occur, suffer from similar, or worse, baseline data shortfalls. For most cetacean populations, numerical abundance and trends in abundance are the standard measurements for assessing population status, but such measurements are difficult to obtain and have limitations (eg require decades of research and are complicated by resolution of temporal trends; see Taylor et al. 2007) . It should therefore be a priority to develop additional metrics for population health (eg Harwood et al. 2011) , such as measures of vital rates, distribution, ranging patterns, population structure, and body condition. Where possible, such information should be collected in areas where seismic activities are planned or ongoing, and existing data should be used to the maximum extent possible. Next, a reasonable understanding of the ecosystem is needed, as changes in prey availability and distribution can also drive changes in predator populations and distributions. Obtaining such data is especially critical, as climate-driven changes may be altering community structure and function (eg Grebmeier et al. 2006) .
Without sufficient baseline data, we believe it is unrealistic for regulators to reach scientifically reliable conclusions about the risks to marine life from marine seismic surveys. The process for permitting surveys must take these data needs into account and be adjusted accordingly, and perhaps even paused while such information is gathered. n Cumulative effects Assessing the impact of seismic surveys has typically been limited to individual environmental assessments that often focus only the loudest sound source (eg seismic airgun arrays) and for a single survey. This ignores sub-bottom profilers, support vessels, undersea communication systems, shipping vessels, and other major sources of noise that must be quantitatively analyzed in combination with airgun surveys to comprehensively estimate the potential impacts on marine life (eg Southall et al. 2013) . Given our rapidly improving understanding of the spatial, temporal, and spectral scales of the acoustic footprints generated by these seismic activities, this single-source regulatory approach is no longer appropriate. In some countries, national legislation -such as Australia's Environment Protection and Biodiversity Conservation Act, Canada's Species at Risk Act, and the US's Marine Mammal Protection Act and Endangered Species Act -make regulators responsible for ensuring that activities have minimal impacts on marine populations, particularly those of threatened or endangered species, and for prescribing mitigation strategies that would reduce impacts to the lowest possible level. Regulators are failing to meet their statutory obligations if the cumulative exposure to and potentially interacting influences of the full suite of anthropogenic activities occurring in the same region are being inadequately evaluated.
We acknowledge the practical challenges involved in trying to understand and manage interacting and/or cumulative impacts (eg limitations in quantifying impacts, regulatory governance within borders that are largely artificial given the transboundary nature of sound propagation, animal movements). However, it is essential that standards be applied programmatically and internationally to include all seismic exploration and associated anthropogenic activities that could potentially affect marine species or populations thereof, and we propose a structure for such application below. For migratory and resident marine animals, particularly those with limited dispersal abilities, the potential for disturbance from cumulative impacts is high. Migratory baleen whales, for example, are likely to encounter seismic surveys in many parts of their home ranges, including feeding and breeding grounds and the migration routes between them (eg Rosenbaum et al. 2014) . Furthermore, seismic activities need to be managed programmatically and through multi-year processes, rather than through separate harassment authorizations, as has been the standard procedure in the US. Recent steps toward that end, including the recent Draft Environmental Impact Statement for industrial development in the US Arctic (NMFS 2013), are encouraging, at least in that cumulative and potentially interacting effects are considered. Specifically in the case of Arctic development, though the National Marine Fisheries Service identified and described the problem, the agency neglected to propose an explicit process for analyzing or accounting for its cumulative impacts. This is clearly a challenging management task, and some tangible efforts and measures -using a risk assessment paradigm, for instance -are sorely needed.
The relative value of individual habitats (eg feeding, breeding, migratory) should be considered, and repeat exposures of animals that display a strong fidelity to a particular habitat should be part of cumulative effects analyses. The sustained presence of animals in an area under development is an insufficient indicator of the absence of adverse impacts, particularly given the challenges of detecting population trends (Taylor et al. 2007) . Some animals may have limited abilities to move elsewhere, and their decision to remain in an area may likely reflect tolerance (ie persisting in an important area despite the cost) rather than habituation (Bejder et al. 2009) . Indeed, recent studies on seismic-survey impacts have documented responses such as declines in prey capture signals, a proxy for foraging success, in cetaceans that have not abandoned the affected portions of their home ranges (eg Miller et al. 2009; Pirotta et al. 2014) . The cumulative, synergistic, and chronic effects of elevated noise levels, including those from "intermittent" sounds such as seismic airguns and sounds at relatively low received levels (eg Figure 1) , are detrimental in humans and other mammals, affecting hormone systems as well as behavior (eg Warner and Heimstra 1971; Evans 2003; Otten et al. 2004; Wright et al. 2007 ). These effects of elevated noise levels should be an explicit component of environmental impact statements and rulemakings, rather than being vaguely acknowledged but not substantively addressed.
Figure 3. Undersea oil and gas lease blocks (rectangles) on offer on submerged land around the UK and those licensed in 2012 by the UK government (data obtained from the UK Department of Energy and Climate Change). The areal extent that is available for development is of concern with respect to seismic surveys for several reasons; the Joint Nature Conservation Committee, for example, receives inadequate notice of survey activity (sometimes only days), which can occur in any block (M Tasker, pers comm). "SEA" indicates a Strategic Environmental Assessment area, and the "27th Round" indicates the round of licensing of oil/gas leases from the UK government and includes seismic as well as other activities; licenses are time-limited.

n A responsible way forward
Given the transboundary scale and numerous sources of anthropogenic sound in the world's oceans -including noise from marine seismic surveys, which are ubiquitous and increasing in abundance -we believe that a responsible path forward should focus on the creation of legally binding international commitments. Successful precedents exist for crafting such agreements, including the Cartagena Protocol on Biosafety (CPD 2000; UNSCBD 2000) organized under the Convention for Biological Diversity (CBD 1992) and the Convention on Long-range Transboundary Air Pollution (CLRTAP 1979) . The CLRTAP was the first international legally binding instrument to address issues of air pollution on a broad regional basis and, notably, created an institutional framework for integrating research and policy. Annex VI, the most recent substantial amendment to the International Convention for the Prevention of Pollution from Ships (MARPOL 1973 (MARPOL /1978 ; Annex VI entered into force 19 May 2005), regulates emissions of air pollution from ships. Many parallels exist between air pollution and noise in the ocean; for instance, sound from seismic surveys, similar to atmospheric emissions from ships, may travel thousands of kilometers from its source. The precedential authority of an air pollution convention is strengthened because the EU and various international authorities, such as the Convention on Biological Diversity and Convention on Migratory Species, now classify ocean noise as a pollutant. Furthermore, the International Organization for Standardization (ISO 2012 (ISO , 2014 and the International Maritime Organization (IMO; IMO 2014) have produced guidelines to, respectively, measure and reduce underwater noise from commercial vessels.
There are several options for creating new and legally binding commitments to control sources of noise in the oceans. First, member states of the IMO could pursue an annex to MARPOL 1973/1978 through the Marine Environmental Protection Committee. This approach is attractive because it leverages an existing and effective framework, and could include radiated underwater noise from vessel operation along with geophysical survey noise. But it is not without challenges. Provisions within MARPOL that cover underwater noise would have to amend the Convention's definition of "harmful substances", which currently does not capture energy or sound, and perhaps revise the definition of "discharge", which presently omits the release of harmful substances associated with offshore mineral development (although oil and gas do not have the physical properties of "minerals", they are included as such in the legal regimes governing the seabed in Part XI and the resources of the continental shelf in Part VI of the Law of the Sea Convention, and would also have to be considered). MARPOL applies solely to "ships", however, and some might suggest that the term's definition, while broad, excludes towed airgun arrays. But these issues present only semantic obstacles, which can be overcome if states are committed to the regulation of noise. As an alternative, states could negotiate a brand new convention to regulate all non-military sources of underwater noise, including those emanating from industrial, geophysical, and civilian vessel sources. The process for negotiation of such an instrument is lengthy but the obstacles would not be insurmountable. Building on previous ideas for sustainable governance of ocean issues (Costanza et al. 1998 ) and integrated ocean management (Foley et al. 2013) , we propose that a convention on ocean noise could draw upon leading analytical frameworks of decision-making behavior in the context of policy and governance processes of change (eg the Institutional Analysis and Development [IAD] Framework [McGinnis 2011] or the social-ecological system framework [Ostrom 2009; Basurto and Nenadovic 2012] ). Within one of these frameworks, different scenarios for sustainable planning can be explored. Scenario planning has been used extensively in the commercial sector, is a well-developed tool in business planning (Schoemaker 1995) , and is emerging as an essential element in studies of the environment (Peterson et al. 2003a, b) and global change (Bennett et al. 2003) . Importantly, an accepted international convention would facilitate long-range planning in the use of acoustic sources. We suggest the following as an initial list of measures to be included in a new convention:
(1) Empirically based restrictions on the time, duration, and/or area of activities in known biologically important habitats Many habitats could be included in this measure, such as bowhead whale (Balaena mysticetus) feeding areas in the Beaufort and Chukchi Seas; feeding areas, calving areas, and migration routes for North Atlantic right whales (Eubalaena glacialis); areas in the North Sea inhabited by acoustically sensitive harbor porpoises (Phocoena phocoena) and fish; blue whale (Balaenoptera musculus) habitat south of Australia; and important sperm whale (Physeter macrocephalus) and Bryde's whale (Balaenoptera brydei) habitats in the Gulf of Mexico. Understanding marine species' habitat requirements throughout their entire annual cycle in any particular region -relative to the occurrence of seismic surveys conducted therein -is essential. Such biologically important habitats could be proposed as marine protected areas (MPAs), or, in keeping with the proposal to rely on existing international instruments used by the IMO, they could be designated as areas to be avoided (ATBAs) or as particularly sensitive sea areas (PSSAs). The effectiveness of MPAs, ATBAs, or PSSAs could be minimal, however, given the distances that ocean noiseincluding seismic survey signals -can travel underwater. Time and/or area restrictions are often a risk-assessment calculation and represent trade-offs. Time-sharing may be impossible when, for example, the waters are available to animals and surveys for only short windows due to the presence of ice (eg Nowacek et al. 2013) .
(2) Requirements for sustained monitoring of acoustic habitat indicators (eg spatial, seasonal ambient noise levels across species-specific frequencies), with limitations and targets based on the cumulative noise contributions of human activities
Such an approach is consistent with the Marine Strategy Framework Directive currently being implemented in the EU (EU 2008) . Monitoring should include data-gathering efforts that improve baseline knowledge about species of concern. This objective can be achieved in part by systematically integrating passive listening capabilities into ocean-observing systems. While most governments have been slow to implement such practices (Southall et al. 2012) , some examples exist, such as the Australian Ocean Data Network Portal (http://portal.aodn.org. au/aodn).
(3) Preconditions to develop and implement practices that reduce the acoustic footprint of seismic surveys and other activities
Any new convention should encourage the development of less invasive exploration techniques, such as vibroseis (a vibratory source that emits more continuous energy, lower in peak energy than airguns and narrower in frequency), which has been used successfully in terrestrial applications for geophysical exploration (Echtler et al. 1996) and shows promise in the marine environment (Weilgart 2010 Otten et al. 2004; Wright et al. 2007) . Recently developed tools that map human noise and cetacean densities can be used for assessing acoustic impact, cumulative and otherwise (NOAA 2012).
In the absence of an international convention, existing regional authorities may be amenable to incorporating regulation of underwater noise in their regimes. In Europe, ocean noise has occupied the work plans of several regional accords (eg the Agreement on the Conservation of Cetaceans in the Black Sea, Mediterranean Sea and Contiguous Atlantic Area and the Agreement on the Conservation of Small Cetaceans of the Baltic and North Seas, sub-agreements of the Convention on Migratory Species that address cetacean conservation in the Mediterranean, Black, Baltic, and North Seas) for more than a decade, resulting in the first regional noise guidelines (ACCOBAMS 2010), which include seismic exploration. Multinational instruments in other parts of the world that regulate regional seas, such as the Abidjan Convention (UNEP 1984) and the Lima Convention (UNEP 1986), include ocean noise within their "competence" (a term with precise legal implications). Actions taken by these authorities generally constitute "soft laws", however, which are useful for facilitating regional cooperation and coordination but are not strictly binding for member states and therefore cannot substitute for an international convention. Creating a pan-Arctic plan, given the pace of development and rapid environmental change occurring in the region, is an urgent matter. The intergovernmental Arctic Council (www.arctic-council.org) would be a natural partner in this regard, and could serve as a vehicle for a binding regional treaty.
Elected officials, business leaders, and members of the public, by pressuring governments and industries, possess the influence necessary to encourage sectors engaged in ocean-based commerce to address marine noise. The actions of socially responsible investors and progressive policies put forth by the regulatory community can play a large role in this process. In the near term, indicators of stewardship -such as certification of "ocean friendly" technologies and organizational strategies to limit anthropogenic noise and rates of exposure -should be incorporated by firms engaged in marine resource explo-384 www.frontiersinecology.org © The Ecological Society of America ration and extraction, as well as by transboundary cargoshipping firms. Secondly, a parallel path should be created to incorporate anthropogenic noise into life-cycle ("cradle to grave") inventory analysis for commercial products (eg Guinee 2002), thus serving as a catalyst for industry to work with researchers in developing more robust spatial and temporal datasets to better quantify the risks and impacts of marine seismic activities and improve the effectiveness of intervention strategies. At the national level, regulatory engagement can play a critical role in driving innovation. For example, in 2011, the German government issued an action-forcing standard for noise caused by pile-driving activity, requiring operators to reduce pressure levels below a given threshold within a defined radius of the source (Umweltbundesamt 2011). After allowing the industry time to develop technology and methods of compliance, the government now includes the standard in licenses for offshore windfarm construction. Regulators should use analogous mechanisms and other prescriptive and incentive-based tools to promote noise reduction in the seismic exploration industry, which -despite a long-recognized need -has been slow to develop noise-control technologies and alternative technologies and bring them into commercial use. Marine sustainability should be considered as a race to the top, not as a scramble to keep from being the worst.
Ultimately, if we are to understand, control, and reverse the chronic deterioration of marine acoustic environments and its expected impacts on marine ecosystems over the coming decades, regulators should begin establishing cumulative-exposure limits for anthropogenic noise. These limits should be appropriately matched to the spatiotemporal scale and exposure rate of the risks to individuals and populations. The lack of baseline data should not be construed as free rein to proceed unchecked until negative effects are demonstrated. Both public and private institutions have the opportunity to correct our current path and to ensure the resilience and health of marine ecosystems.
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